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To investigate the evolution of centromere architecture in plant cells, it is important to identify cen-
tromere regions of primitive algae, such as Cyanidioschyzon merolae. In a previous genome project,
in silico analysis predicted an AT-rich region in each chromosome as putative centromere regions.
Here, we identiﬁed a centromere position in each chromosome by ChIP-on-chip analysis using an
anti-CENP-A antibody. The identiﬁed centromeres were of the regional type, about 2–3 kb in length
and contained no consensus or repeat elements. Centromeres in primitive eukaryotic plant cells
may have originated from these regional type centromeres.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The centromere is a chromosome site responsible for spindle
attachment and faithful chromosome segregation during mitosis
and meiosis. In general, every eukaryotic chromosome has a cen-
tromere structure on which the kinetochore complex assembles
and captures the spindle [2,3]. In most eukaryotic centromeres,
the centromere core contains CENP-A (also known as CenH3, a his-
tone H3 variant that replaces canonical H3 at the centromere)
nucleosomes, and usually spans less than a hundred kilobase-pairs
(kb). Such types of centromere are deﬁned as ‘‘regional cen-
tromeres’’ [25]. Sequences of regional centromeres are highly
diverged among species; however, several centromere proteins
are well conserved. This suggests that the core mechanisms for
regulation of the centromere might have been retained during
their evolution. In contrast, centromeres of budding yeast, which
consist of a single CENP-A nucleosome bound by a single spindle
microtubule, are deﬁned as ‘‘point centromeres’’. At point cen-
tromeres, 125 base-pairs (bp) of DNA is wrapped around the soleCENP-A nucleosome [4]. In both regional and point centromeres,
CENP-A is considered as the most likely candidate for the epige-
netic mark of the core centromere [7]. The histone fold domain
of CENP-A family proteins is well conserved among all eukaryotic
lineages [27].
Cyanidioschyzon merolae is a thermo-acidophilic unicellular red
alga isolated from an Italian volcanic hot spring [11]. Phylogenetic
analyses of photosynthetic genes suggest that C. merolae is one of
the most primitive photosynthetic eukaryotes, and that it diverged
just after the monophyletic origin of plastids [18]. C. merolae has an
extremely simple cell structure, with one nucleus, one mitochon-
drion, and one chloroplast. These three genome-containing orga-
nelles replicate only at a speciﬁc phase of the cell cycle [17].
Thus, this organism is an ideal experimental system to investigate
mechanisms of the cell cycle, cell division and related processes
[10,11]. The full nucleotide sequences of these three genomes have
been determined [16,19,21,22]. The 16.5 Mb nuclear genome is
distributed on 20 chromosomes and each chromosome possesses
a single A + T-rich region, which is expected to be the putative cen-
tromere region [16,15]. We previously reported movement and
reconstitution of the C. merolae centromere during the cell cycle
by tracing CENP-A [14]. However, core centromere sequences have
not been experimentally determined.
Here, we established a C. merolae 10D tiling array system cover-
ing chloroplast and mitochondrion genomes, and all 20
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Using this system and ChIP-on-chip assays we identiﬁed a cen-
tromere position in each C. merolae chromosome. The centromere
locations were completely assigned around the previously pre-
dicted A + T rich regions [16,15]. The identiﬁed centromeres were
of the regional type, 2–3 kb in length and with no consensus
sequence(s) or repeat elements. Our ﬁndings contribute to the
understanding of centromere evolution in plants.
2. Materials and methods
2.1. Strain and growth conditions
Precultures of C. merolae 10D were grown at 42 C under white
light (100 lE m2 s1) in liquid MA2 medium [20] at pH 2.5 bub-
bled with air supplemented with 2% CO2. A synchronized culture
condition developed by Kanesaki et al. [9] was used to obtain cells
in G1 or M phase. Cells were ﬁrst incubated for 18 h in the dark,
and then incubated for 6 h in the light before incubation for a sec-
ond 18 h in the dark. G1 and M phase cells were collected at the
end of the ﬁrst 18 h dark incubation and at 4 h after the second
dark incubation, respectively. Cells in G1 and M phase were col-
lected from the same batch culture in a thermostat jar fermenter.
2.2. Chromatin immunoprecipitation analysis
C. merolae cells (approximately 4  107 at OD750 = 0.5–0.7) in
G1 or M phase were ﬁxed with 1% formaldehyde at room tempera-
ture for 10 min, followed by 0.125 M glycine for 5 min. Cells were
then pelleted, washed, and resuspended in 4 ml SDS lysis buffer
(50 mM Tris–HCl, 10 mM EDTA, 1% SDS, pH 8.0, Complete Mini
EDTA-free protease inhibitor). The cells were ruptured by passage
through a French press at 5000 p.s.i. Chromatin was sheared by
sonication to an average size of 850 bp (experimentally deter-
mined), diluted by addition of a 9-fold volume of ChIP dilution buf-
fer (50 mM Tris–HCl, 167 mM NaCl, 1.1% Triton X-100, 0.11%
sodium deoxycholate, pH 8.0), and pretreated with nProtein A
Sepharose 4 Fast Flow (GE, Fairﬁeld, CT). After removal of
nProtein A Sepharose beads by column ﬁltration, the pre-cleared
solution was subjected to immunoprecipitation [8].
Immunoprecipitations were performed with 1 lg puriﬁed anti-
body or 1 lg of rabbit IgG that is puriﬁed from the preimmune
serum with nProtein A Sepharose 4 Fast Flow and magnetic
Dynabeads Protein A (Invitrogen, Carlsbad, CA). The beads were
washed with several buffers as follows: RIPA150 buffer (50 mM
Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS,
0.1% sodium deoxycholate, pH 8.0), RIPA500 buffer (50 mM Tris–
HCl, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1%
sodium deoxycholate, pH 8.0), LiCl wash solution (10 mM Tris–
HCl, 250 mM LiCl, 1 mM EDTA, 0.5% Nonidet P40, 0.5% sodium
deoxycholate, pH 8.0), and TE buffer (two washes for each buffer).
For reversions of cross-linking, the beads were resuspended in ChIP
direct elution buffer (10 mM Tris–HCl, 300 mM NaCl, 5 mM EDTA,
0.5% SDS, pH 8.0) and incubated at 65 C overnight. After treatment
with RNase A and proteinase K, DNA was puriﬁed by extracting
with phenol:chloroform:isoamylalcohol (25:24:1) followed by
ethanol precipitation [8].
2.3. Whole genome tiling array experiments
Customized whole-genome tiling arrays were designed accord-
ing to the 49–7875 format supplied by Affymetrix. (Affymetrix,
Woburn, MA, USA) with a feature size of 5 micron  5 micron.
Twenty-ﬁve-mer oligo probes were tiled with 27 base-densities
with 5 base ﬂexibility on the whole C. merolae genome, includingthe 20 chromosomes and the mitochondrion, and chloroplast gen-
omes. DNA, precipitated with an anti-CENP-A antibody, was sus-
pended in 100 ll and endorepaired by T4 DNA polymerase
according to the manufacturer’s protocol (TaKaRa, Kyoto, Japan).
Endorepaired DNA was ligated with the adapter-linker fragment,
TX803 (TaKaRa) at 16 C for 16 h using DNA ligation kit, Ligation
high ver. 2 (TOYOBO, Osaka, Japan). Using the primer ER1, 50-
GGAATTCGGCGGCCGCGGATCC-30 (TaKaRa), DNA fragments were
ampliﬁed with the following PCR conditions; preheating at 98 C
for 5 min, followed by 25 cycles of 98 C for 30 s, 60 C for 30 s,
72 C for 60 s. Puriﬁcation of the ampliﬁed DNA fragments was
performed by 1.5% agarose gel electrophoresis. The DNA smear
fraction, whose molecular size was higher than that of the
bromo-phenol blue marker of approximately 300 bp in these con-
ditions, was puriﬁed. Five micrograms of ampliﬁed DNA fragment
was used for the preparation of DNA probes for the tiling array.
Biotin labeling of the ampliﬁed DNA was performed by FL-
Ovation biotin-labeling module V2 (NuGen, San Carlos, CA, USA)
without a fragmentation step to avoid the increase of DNA debris
derived from non-speciﬁcally precipitated genomic DNA frag-
ments. After denaturation of the DNA fragments at 98 C for
5 min and following 5 min incubation at room temperature,
hybridization to the GeneChip was carried out at 45 C for 16 h
in the incubator using the rotation module. The washing step
was performed automatically by a Fluidics Station 450
(Affymetrix) with the manufacturer’s protocol. After washing, til-
ing arrays were scanned with a GeneChip Scanner 3000
(Affymetrix). The analysis of the ChIP-chip results was performed
using genome browsing software, IMC array edition (In silico biol-
ogy, Inc., Yokohama, Japan).
2.4. Real time qPCR analysis
Real-time PCR was performed with an M3000P (Stratagene) in
a 20 ll reaction mixture containing 1 ll DNA, 20 pmol primers
(Supplemental Table II), and 10 ll Platinum SYBR Green qPCR
SuperMix-UDG (Invitrogen). Standard curves were constructed
with several serial dilutions (1 to 1  10–4) of input DNA and rele-
vant sets of primers, and percent recovery of each DNA fragment
relative to the input DNA was estimated. Assays without template
DNA were conducted for each experiment as a negative control.
3. Results
3.1. Mapping immuno-precipitated DNA to the C. merolae
chromosomes
In C. merolae, expression of CENP-A is highly activated only in
late-S phase in cell cycle [14]. Furthermore, immunoﬂuorescent
microscopic analysis revealed that CENP-A signals are scarcely
detectable in G1 phase, but are clearly detectable as speckles in
late-S and as two separating dots in M phases [14]. Thus, we
expected that an anti-CENP-A antibody would precipitate cen-
tromere-bound CENP-A speciﬁcally in M phase cells but not in
G1 phase cells. DNA immunoprecipitated from G1 or M phase cells
with anti-CENP-A antibody [14] or preimmune serum was ana-
lyzed with a tiling array that covers almost the entire genome of
C. merolae at 27 bp resolution. By subtracting the preimmune-IP
sample signal from the ant-CENP-A antibody-IP sample signal,
we removed false-positive signals due to non-speciﬁcally precipi-
tated DNA. As expected, we could detect a single region in all 20
chromosomes speciﬁcally in M phase cells (Fig. 1 and
Supplemental Fig. 1). In these regions, continuous positive value
oligo-probes were observed with a nucleotide length of more than
160 bases (7 oligo-probes in this tiling array), which corresponds
Fig. 1. CENP-A-binding region on C. merolae chromosome 2. M phase-speciﬁc enrichment of CENP-A in centromere region was detected by ChIP-on-chip analysis using whole
genome tiling array with extremely high density oligonucleotide probes. Landscape of valid signals (blue bars) or invalid signals (red bars) in the whole chromosome 2 region
was shown in the upper panel and the CENP-A enriched region (yellow square) was expanded in the lower panel. A number of small green arrows in the middle of the lower
panel indicated each oligonucleotide probe with 25 mer. Signal intensities of each probe designed in upper strand or lower strand were shown separately. Experimental
procedures of ChIP were stated in materials and methods. Signals from DNA immuno-precipitated with an anti-CENP-A antibody were subtracted from preimmune serum
ChIP signals. Signals from M phase cells were then subtracted from those in G1 phase cells. Results of other chromosomes were shown in Supplemental Fig. 1.
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the other hand, we could not detect such continuous positive sig-
nals for the organelle genomes. In C. merolae, expression of
CENP-A was increased in S phase and CENP-A condensation on
the chromosome was detected in M phase [14]. Our results corre-
sponded well to these previous observations. Unlike in other most
organisms [1], we could not detect the presence of CENP-A on the
C. merolae centromeres at G1 phase (see Supplemental Fig. 1).
Nucleotide sequences of each centromere region detected by
the tiling array are summarized in Supplemental Table I. The mini-
mum, maximum and averaged length of centromere regions were,
1.1 kb in chromosome 11, 3.9 kb in chromosome 18, and 2.3 kb,
respectively. This result clearly indicated that the centromere of
C. merolae is of the ‘regional type’.
3.2. Conﬁrmation of ChIP-chip results by qPCR analysis
To conﬁrm the ChIP-chip assay results, we designed qPCR
probes inside and outside of the detected centromere regions ofchromosomes 1, 2 and 3 and we used the biologically independent
anti-CENP-A antibody or preimmune serum immunoprecipitation
samples from G1 and M phase cells. Primer sets, approximately
2 kb up- and down-stream of each centromere region, were
designed and named R1 or R4. Primer sets, approximately 500 bp
internal to each end of the centromere region were designed and
named R2 or R3. These primer sets are listed in Supplemental
Table II. Percent recovery values using the R2 and R3 primers were
high in M phase cells compared to G1 phase cells. The qPCR results
clearly showed that the immune-precipitation assay using the
anti-CENP-A antibody speciﬁcally enriched the centromere region
in M phase cells (Fig. 2). These results were consistent with those
of the tiling array analysis.
3.3. Structural features of centromere regions in C. merolae
The genomic structure around the centromere region is
depicted in Fig. 3. Interestingly, several genes have been identiﬁed
in core centromere regions in C. merolae [16,19]. In chromosomes 9
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Fig. 2. Conﬁrmation of tiling array data by ChIP-qPCR analysis. Two sets of primers were designed in R2 and R3 regions, which were located at both edge regions of the inside
of the centromere region in the chromosome 1, 2 and 3. The other two sets of primers were designed in R1 and R4 regions, which were within 2 kb outside of the centromere
region in the same chromosomes. Signal intensities with standard errors were determined by averaging three experiments and are shown as a bar graph. Blue and Red bars
indicate % recovery values due to the cells in G1 phase precipitated with anti-CENP-A antibody (G1-CA) or preimmune serum (G1-PI), respectively. Green and purple bars also
indicate % recovery values due to the cells in M phase cell precipitated with anti-CENP-A antibody (M-CA) or preimmune serum (M-PI). Only the cells in M phase showed
signiﬁcant enrichment of CENP-A in the centromere region.
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tromere region were found in other parts of the same chromosome.
Relationships between these repeat sequences and the centromere
are not currently understood. We also tried to identify conserved
elements or repetitive motifs around these regions using an inte-
grated motif ﬁnding program, Melina II [23]. However, as expected
from previous studies [16,14,15], neither conserved elements nor
repetitive motifs were found inside or within 1 kb of either end
of any centromere region.
4. Discussion
4.1. Advantage of centromere research using C. merolae
C. merolae is one of the most primitive photosynthetic eukary-
otes and has one of the smallest and non-redundant genomes in
eukaryotic cells. Thus, C. merolae is an attractive organism to inves-
tigate centromeric features in a common eukaryotic ancestor.
Recently, Fujiwara et al. [5] identiﬁed in C. merolae that condensin
II is enriched at centromere regions and is absent along chromo-
some arms during metaphase of M phase, whereas condensin I is
not enriched at centromere regions. In addition, C. merolae possess
CENP-A, CENP-E and hypothetical CENP-C but does not possessCENP-B or CENP-T. Recent studies identiﬁed more than 50 proteins
in the yeast kinetochore assembly [28]. By comparing kinetochore
architecture among species, we should be able to understand
primitive regulatory mechanisms and evolution of kinetochore
complexes and centromeres in eukaryotic cells.
4.2. Comparison of centromere structure
Similar regional-type centromeres without any conserved or
repetitive element were also found in two Candida species
[24,26], while there are no conserved sequences between the
centromeres of C. merolae and those of two Candida species.
Since this type of centromere was found from both primitive
red algae and yeast, it might be suggested that the ancestral
plant cells was diverged from eukaryotic cells with this type of
centromere. According to investigations in ﬁssion yeast, fruit
ﬂy and human cells, a detailed structure of the centromere
region has been elucidated (for review see [6]). The centromere
region can be classiﬁed into two regions, the core centromere
region and the peri-centromeric heterochromatin region, which
is located on both sides of the core centromere. In the core cen-
tromere region, nucleosomes are enriched in CENP-A. On the
other hand, the peri-centromeric region is enriched in histone
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Fig. 3. Genomic structures around centromere regions in C. merolae. A centromere
region in each chromosome is indicated as a white bar. Genes located around each
centromere region are shown as ﬁlled boxes with arrowheads. Repetitive regions
that are found at other locations on the same chromosome are shown as colored
boxes, such as green or light blue. Repetitive regions that are found at other
locations on different chromosomes are shown as orange boxes.
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tion. In C. merolae, further study, such as ChIP-chip analysis
using an anti-H3K9me antibody may clarify the more detailed
structure of the peri-centromeric region. Usually, the centromere
region is transcriptionally silenced. However, several genes are
found in the C. merolae centromeric region and we detected
the transcripts of these genes in asynchronous cells (data not
shown). While functions of most of these genes are unknown
or hypothetical, the epsilon subunit of eukaryotic translation
initiation factor 2B (CMR397C) is encoded in the core cen-
tromeric region of chromosome 18. This subunit plays a criticalrole in the initiation of mRNA translation and guanine nucleotide
exchange activity, which are major determinants of the rate of
protein synthesis in mammalian cells. Functional conservation
of the gene in C. merolae and the regulatory mechanisms of gene
expression in the centromeric region have not yet been
examined.
4.3. Phase of CENP-A loading during cell cycle
In budding yeast, ﬁssion yeast and human cells, CENP-A is
loaded onto the centromere at S phase, at both G1 and S phases,
and at G1 phase of cell cycle, respectively [1]. In C. merolae,
CENP-A is synthesized de novo at late-S phase and is enriched to
centromere region only during S to M phases [14]. Our results also
showed that CENP-A is not enriched in centromere at G1 phase in
C. merolae. Not only nucleotide sequence and organization of the
centromere region, but also the timing of CENP-A loading onto cen-
tromere is likely different among organisms. The epigenetic mark
and the mechanism for CENP-A loading to the centromere region
in each cell cycle of C. merolae is presently enigmatic, and thus is
an interesting subject for the future study.
4.4. Accumulation of additional genomic information is necessary
Highly diverged DNA sequence of centromere regions in differ-
ent species would be a mechanism for genetic distinction of spe-
cies. Evolutionary transition in centromere complexity has been
well discussed and it is predicted that epigenetic regulation is an
important factor for the diversity of centromere sequences in
eukaryotes (for review see [13]. The diverged sequence and differ-
ent length of the N-terminal region in orthologous CENP-A proteins
in various organisms support this idea. However, to compare the
nucleotide sequences around centromeres at the intra-genus level,
further genomic information of eukaryotes, especially eukaryotic
microbes, is required. In bacterial centromere-like parS regions,
several conserved elements in some genera have been predicted
by comparative genomics using more than 700 genome sequences
[12]. Further identiﬁcation and accumulation of centromere
sequences in various eukaryotic microbes at the intra-genus level
may further understanding of the evolution of centromere
complexity.Acknowledgments
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